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The effect of coronary artery disease and prior myo•
cardial infarction on cardiac energetics was determined 
by measuring left ventricular myocardial blood How, 
oxygen consumption (MV02), efficiency and ejection phase 
indexes in 36 patients undergoing coronary arteriog•
raphy. Eight control patients with normal coronary ar•
teriograms and normal left ventricular function, 15 pa•
tients with coronary artery disease without prior 
myocardial infarction and 13 patients with coronary dis•
ease and prior myocardial infarction (> 6 months) were 
studied. Left ventricular efficiency was calculated from 
left ventricular work. myocardial blood How (measured 
by clearance of intracoronary xenon-133), and aortic 
and coronary sinus oxygen content. Left ventricular vol•
umes, mass and ejection phase indexes were measured 
by quantitative left ventriculography. 
Left ventricular myocardial blood How per 100 g/min 
was reduced in patients with coronary artery disease 
(49.0 ± 8; p < 0.01) and in patients with myocardial 
infarction (51.6 ± 10; P < 0.05) compared with control 
subjects (62.4 ± 16), but total left ventricular How was 
not reduced because of increased left ventricular mass. 
Mechanical efficiency is a fundamental variable of pump 
perfonnance which represents the fraction of total energy 
consumed that is converted into useful work, The efficiency 
of the left ventricle can be detennined by measuring the 
external work performed by the ventricle and its energy 
expenditure (1), Left ventricular minute work is calculated 
from the product of stroke volume, heart rate and mean 
systolic left ventricular pressure, Myocardial energy ex•
penditure can be equated with myocardial oxygen con•
sumption (MV02), because the metabolism of the heart is 
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As a result, MV02 did not differ significantly for the 
three patient groups (control 13.3, coronary artery dis•
ease 14.0 and myocardial infarction 14.3 ml/min). In the 
patients with myocardial infarction, left ventricular work 
index was reduced (2.4 versus 4.0 kg.m/m2 per min in 
the control group; p < 0.001), causing efficiency to be 
reduced (15.9 versus 28.8% in the control group; p < 
0.001). Decreased efficiency correlated with ejection 
fraction (r = 0.54), mean velocity of circumferential 
fiber shortening (MVcO (r = 0.45) and mean percent 
chordal shortening (r = 0.43) (all p < 0.01). 
These data indicate that 1) in control patients with 
normal coronary arteriograms, left ventricular myo•
cardial efficiency averages 29%; 2) in patients with coro•
nary disease without myocardial infarction, left ventric•
ular MV02 and efficiency are in the normal range; 3) 
in patients with prior myocardial infarction, left ven•
tricular efficiency is significantly reduced as a result of 
diminished left ventricular work and normal MV02; and 
4) reduced efficiency after myocardial infarction cor•
relates with reduced ejection phase indexes. 
(J Am Coil CardioI1986;7:270-9) 
almost exclusively aerobic in the absence of acute ischemia 
(2), 
Measuring left ventricular efficiency in a clinical setting 
requires quantitative left ventriculography for calculation of 
left ventricular mass and stroke volume, coronary sinus 
catheterization for measurement of coronary arteriovenous 
oxygen content and measurement of mean left ventricular 
myocardial blood flow. Despite its importance, very few 
studies of left ventricular efficiency in patients have been 
reported (3-6), In 1949, Bing et al. (3) reported the first 
estimates of cardiac efficiency in patients and observed that 
efficiency was reduced in patients with congestive heart 
failure (3,5), Baxley et al. (6) calculated left ventricular 
efficiency for patients with heart failure resulting from either 
valvular heart disease or congestive cardiomyopathy, In pa•
tients with valvular heart disease, they observed that effi•
ciency was often nonnal despite severe left ventricular pres•
sure or volume overload states, because myocardial blood 
flow and MV02 were increased in proportion to the in-
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creased work load. In patients with congestive cardio•
myopathy, however, left ventricular efficiency was con•
sistently and severely decreased, reflecting the reduced work 
performed and high MVOz required by the ventricle. 
Left ventricular mechanical efficiency has not been re•
ported for patients with coronary artery disease. The effect 
of coronary disease on myocardial efficiency is of interest 
because reduced coronary perfusion may influence both ven•
tricular performance and myocardial oxygen consumption. 
In the present study, therefore, the mechanical efficiency 
of the left ventricle was measured in patients with coronary 
artery disease with and without prior myocardial infarction 
and was compared with similar measurements in control 
subjects without coronary artery disease. Left ventricular 
work, mass and ejection phase indexes were measured by 
quantitative angiography, left ventricular myocardial blood 
flow was measured by external scintigraphic monitoring of 
xenon-133 injected selectively into the left coronary artery 
and myocardial oxygen extraction was measured from ar•
terial and coronary sinus blood samples. 
Methods 
Patient selection. Thirty-six patients undergoing car•
diac catheterization and coronary arteriography for clinical 
indications at Columbia-Presbyterian Medical Center be•
tween 1978 and 1982 were studied by the following pro•
tocol. Each patient underwent coronary arteriography for 
evaluation of chest pain suggestive of coronary artery dis•
ease. Patients with valvular heart disease, congestive car•
diomyopathy or congenital heart disease were excluded from 
the study. Also excluded were patients with acute myo•
cardial infarction within 3 months before study. Patients 
with left ventricular aneurysm were also excluded from the 
study because the applicability of the area-length method 
for ventriculographic analysis in these patients has been 
questioned (7). Informed consent was obtained from each 
patient for myocardial blood flow measurements by a pro•
tocol approved by the Institutional Review Board and the 
Joint Radioisotope Commmittee of the Columbia-Presby•
terian Medical Center. 
The 36 patients were classified into the following three 
groups: Group 1 consisted of eight patients (six men and 
two women, mean age 52 ± 9 years) with normal coronary 
arteriograms. None of the eight had a history of prior myo•
cardial infarction. Six had a normal electrocardiogram, one 
had left bundle branch block and one had electrocardio•
graphic voltage criteria for left ventricular hypertrophy. 
Group 2 consisted of 15 patients with angiographically 
significant coronary artery disease (greater than 50% re•
duction of luminal diameter of one or more coronary arte•
ries) and no clinical or angiographic evidence for prior myo•
cardial infarction. Included in this group were 14 men and 
1 woman with a mean age of 51 ± 11 years. All of these 
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patients had typical exertional angina pectoris. Five had a 
normal electrocardiogram, eight had ST segment or T wave 
abnormalities and two had evidence for left ventricular 
hypertrophy. 
Group 3 consisted of 13 patients with angiographically 
significant coronary artery disease and prior myocardial in•
farction documented by a typical clinical history and by left 
ventricular segmental hypokinesia or akinesia demonstrated 
by left ventriculography. Five of these patients had electro•
cardiographically documented anterior wall myocardial in•
farction and seven had documented inferior wall infarction. 
An additional patient had inverted T waves without diag•
nostic Q waves but had an anterior infarction demonstrated 
angiographically. All patients in this group were men and 
their mean age was 51 ± 12 years. 
All patients were studied at rest after an overnight fast 
and after premedication with diazepam, 5 mg, and pro•
methazine hydrochloride, 25 mg. Two patients in Group 1 
(25%), nine patients in Group 2 (60%) and five patients in 
Group 3 (39%) were receiving propranolol before cardiac 
catheterization. The incidence of propranolol usage did not 
differ significantly among the three groups. For all patients, 
propranolol was withheld on the day of catheterization. 
Mean left ventricular myocardial blood flow. Mean 
left ventricular myocardial blood flow was measured from 
the myocardial clearance rate of xenon-133 monitored ex•
ternally with a multicrystal scintillation camera, as described 
previously (8,9). Twenty millicuries ofxenon-l33 dissolved 
in 2 ml of saline solution was injected directly into the left 
main coronary artery. The xenon-133 was injected before 
coronary arteriography to avoid contrast-induced hypere•
mia. Clearance of xenon-l33 from the myocardium was 
recorded with a multicrystal scintillation camera (Baird 
Atomic, Incorporated), and the activity monitored by each 
of the crystals was individually processed by computer. The 
slope (K) of the initial portion of the myocardial xenon-I 33 
clearance curve recorded by each crystal was calculated by 
monoexponential analysis of the first 40 data points after 
the peak count. Regional myocardial blood flow rates were 
calculated for each crystal by the Kety formula (10): F = 
100 K X Alp, where F is the myocardial capillary blood 
flow (mIIlOO g per min), A is the blood:myocardium par•
tition coefficient for xenon (11) in the normal dog heart 
(0.72) and p is the specific gravity of tissue (1.05). 
The pattern of regional myocardial perfusion rates was 
then superimposed on the tracing of the patient's left an•
terior oblique coronary arteriogram. Alignment and ap•
propriate magnification of the patterns were facilitated by 
the presence of the same radioactive radiopaque markers on 
both the arteriogram and the computer printout of local 
myocardial blood flow rates. The mean ventricular myo•
cardial perfusion rate per unit mass was calculated by av•
eraging the local blood flows recorded by all of the crystals 
overlying the left ventricle. Mean left ventricular myocardial 
272 NICHOLS ET AL 
LEFT VENTRICULAR MYOCARDIAL ENERGETICS 
blood flow rates per unit mass measured by the xenon-133 
clearance technique have correlated well with blood flow 
measured with microspheres In experimental animals (12). 
Coronary arteriography and left ventriculog•
raphy. Left ventricular catheterization was performed per•
cutaneously from the femoral artery, and coronary arteri•
ography was performed by the Judkins technique (13). Single 
plane contrast left ventriculography was performed at least 
IS minutes after coronary arteriography to avoid contrast•
induced depression of ventricular function. With the patient 
in the right anterior oblique (30°) projection, 45 ml of Ren•
ografin-76 was power-injected into the left ventricular cavity 
through a pigtail catheter over 3 seconds. A radiopaque grid, 
crosshatched in I cm squares, was filmed at the level of the 
transducer in the same right anterior oblique projection as 
a spatial reference for ventriculographic analysis. 
The first fully opacified, normally conducted beat was 
selected for analysis; premature or postextrasystolic beats 
were not analyzed. Left ventricular dimensions were mea•
sured from tracings of the projected ventricular silhouettes 
at end-diastole and end-systole. The long axis of the left 
ventricle was measured from the apex to the margin of the 
aortic valve. Ventricular volumes were calculated by the 
single plane, area-length method of Sandler and Dodge (14). 
Left ventricular wall thickness was measured directly 
from the anterior wall segment below the equatorial plane 
of the ventriculogram and corrected for image magnifica•
tion. Left ventricular mass was calculated by the method of 
Rackley et al. (15). Mean velocity of circumferential fiber 
shortening (MVcf) was calculated by the method of Karliner 
etal. (16): 
EDD - ESD 
MVcf= ----•
EDD x LVET' 
where EDD = left ventricular minor diameter at end-di•
astole, ESD = left ventricular minor diameter at end-systole 
and LVET = ejection time (seconds) measured angiograph•
ically by the number of cine frames elapsed from aortic 
valve opening in early systole to valve closure in late diastole. 
Left ventricular work. Left ventricular peak systolic 
pressure, mean systolic pressure and end-diastolic pressure 
were recorded immediately before contrast left ventriculog•
raphy. All patients had normal sinus rhythm. Left ventric•
ular end-diastolic pressure (LVed) was measured from five 
consecutive beats at the R wave and averaged. Mean systolic 
left ventricular pressure (LV sm) was measured by planimetry 
of the area under the left ventricular pressure pulse tracing 
during systole. 
Left ventricular stroke work (LVSW) was calculated as: 
LVSW = SV x (LV,m - LVed) x 0.0136, 
where SV = stroke volume (end-diastolic volume - end•
systolic volume) and 0.0136 = conversion factor from units 
of pressure and volume (mm Hg cm3) to work (g.m). 
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The lIet systolic pressure (LV,," - LVed ) generated by 
the left ventricle was employed for stroke work calculatIOn, 
because this pressure excludes the component of total left 
ventricular pressure contributed by diastolic filling of the 
ventricle that results from right ventricular and left arterial 
work rather than left ventricular work (17,18). 
Left ventricular work (LVW) per minute was then ob•
tained from the formula: 
LVW = LVSW x HR/I,OOO, 
where HR = heart rate during left ventriculography and 
1,000 = the conversion factor from g·m to kg.m. The kinetic 
energy required to accelerate blood ejected from the left 
ventricle was not determined for this analysis because it is 
a negligible component of the total external work of the 
ventricular myocardium at rest (19). Snell and Luchsinger 
(20) showed that the kinetic energy generated by the left 
ventricle at rest is less than 2% of the pressure-volume work 
generated. Left ventricular stroke power (LVSP), which 
reflects the rate of work generated by the left ventricle (21), 
was calculated as: 
LVSW 
LVSP = --. 
LVET 
Myocardial oxygen consumption. A 7F Gorlin woven 
Dacron catheter was positioned in the coronary sinus of 
each patient. Catheter position in the coronary sinus was 
verified by measuring oxygen saturation of blood collected 
through the catheter and by opacification of the coronary 
sinus with contrast medium. During scintigraphic recording 
of xenon-133 clearance from the myocardium, blood sam•
ples were collected from the coronary sinus and ascending 
aorta for oxygen content determinations. 
Blood pH, partial pressure of oxygen (Poz) and partial 
pressure of carbon dioxide (Peoz) were measured with a 
blood gas analyzer and converted by standard algorithms to 
percent oxygen saturated (22,23). Hemoglobin was mea•
sured by the cyanmethemoglobin method. 
Left ventricular myocardial oxygen consumption 
(MV02 ) was calculated as follows: 
. MBF ava, 
MVO, = LV mass x -- x --", 
- 100 100 
where MBF = left ventricular myocardial blood flow at 
rest (m11100 g myocardium per minute) and avOz = coro•
nary arteriovenous difference in oxygen content (ml 0 21100 
ml). 
Left ventricular efficiency. Left ventricular mechanical 
efficiency (L VME) was calculated from the ratio of left 
ventricular work to left ventricular MVOz: 
LVW 
LVME = --;-.---•
MV02 x 2.059' 
where 2.059 kg.mlml of oxygen consumed is the conversion 
factor representing the energy equivalent per milliliter of 
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Table 1. Left Ventncular AnglOgraphlc and Ejection 
Phase Indexes 
Group I Group 2 
(n = 8) (n = 15) 
End-diastolic volume mdex 74 ± 17 82 ± 20 
(mUm') 
End-systohc volume mdex 27± IO 35 ± 13 
(ml/m') 
Stroke volume mdex 47 ± 10 47 ± <) 
(mUm') 
ElectIon fractIOn (%) 64 ± 8 49 ± 7 
Group 3 
(n = 13) 
118 ± 68* 
79 ± 59t 
39 ± II 
40 ± 15:j: 
L V wall thickness (mm) 97 ± 0.2 105 ± 02 10.4 ± 0 30 
LV rna" mdex (g/m2) 100 ± 34 112 ± 35 135 ± 58 
MVcf (circ/,) 1.3 ± 0.3 1.1 ± 0.3 0.7±03* 
Chord shortening (%) 34 ± 4 31 ± (, 23 ± 8+ 
*p < 0.05, t< 0.01: :j:p < 0001 Group I = patIenb wIth normal 
coronary arterIograms and normal left ventrIcular functIon: Group 2 = 
patIents with coronary artery dlsea,e without pnor myocardial mfarctIon. 
Group 3 = patIents with coronary artery disease and PrIor lIlfarchon 
LV = left ventrIcular. MVcf = mean veloclly of Circumferential fiber 
shortening 
oxygen metabolized (24), This conversion factor represents 
the work equivalent of I ml of oxygen and is derived from 
the caloric equivalent of I ml of consumed oxygen. which 
is equivalent to 0.4268 kg.m of work (25). 
Calculation of left ventricular efficiency assumes that left 
ventricular work and oxygen consumption were measured 
during similar hemodynamic conditions. To test this as-
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symption, heart rate-systolic pressure (double) product was 
recorded during ventriculography and during myocardial 
flow measurements and the values compared. The mean 
rate-pressure product measured during the xenon-133 myo•
cardial flow measurements (8,340) correlated well (r == 
0.92) with the mean rate-pressure product during ventric•
ulography (8,300). Furthermore, rate-pressure products did 
not differ by more than 15% in any patient. 
Statistical analysis. The statistical significance of dif•
ferences in hemodynamic variables among the three patient 
groups was tested by analysis of variance. 
Results 
Left ventricular function. Angiographic indexes of left 
ventricular function for the three groups of patients are sum•
marized in Table I and Figure I. For Group 2 patients with 
coronary artery disease without prior myocardial infarction, 
left ventricular function indexes did not differ significantly 
from values in Group I patients (control group). In Group 
3 patients (coronary artery disease with prior infarction), 
end-diastolic and end-systolic volume indexes were signif•
icantly increased, and ejection fraction, mean velocity of 
circumferential fiber shortening (MVcf) and mean percent 
segmental chord shortening were significa9tly decreased. 
Left ventricular work. Hemodynamic indexes relating 
to left ventricular work are summarized in Table 2 and 
Figure 2. For Group 3 patients with prior myocardial in-
Net Mean LV Systolic Pressure Left Ventricular Stroke Volume Index 
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120 
100 
80 
60 
40 
20 
.---- p<O.OO 1----, 
• 
• 
• • .......... 
<W> • • cA:, 
°iO ••• • • -A. , 
• • 
• • 
O'-----'-----J--_-J __ ~ 
Control CAD CAD +MI 
Patient Group 
ml/m 2 
100 
80 
60 
40 
20 
• 
• • 
• 
I 
• 
• t 
• • .. 
• 
0'----'------'---_-'-__ -' 
Control CAD CAD + MI 
Pa tint Group 
Figure 1. Net mean left ventricular (LV) 
systolic pressure and stroke volume index 
for the three patient groups. Bars denote 
mean values. CAD = coronary artery 
disease; MI = myocardial infarction. 
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Table 2. Left Ventncular Pre,sures and Work Performance 
Heart rate (HR) (nlln I) 
L V peak ,ystollc pre"ure 
(mm Hgi 
Pre;;ure-rate product 
(mm Hg.HR.I J) 
Mean LV pressure (mm I-jg) 
End-dIastolIc pressure 
(mm Hg) 
Net LV pressure (mm Hg) 
Stroke work (g·m) 
LV work Index 
(kg.m/m" per mIn) 
Stroke power Index 
(g.m/m" per sl 
Group I 
(n = gl 
76 :t 8 
133 :t 20 
10 I 1:: 2.0 
94 :t 21 
9 :t 5 
85 :t 19 
101 :t 33 
4.0 :t 1.0 
200 :t 32 
Group 2 
(n = 15) 
67 :t 14 
IIg :t II 
7 9 :t I.7t 
87 :t 6 
8 :t 5 
79 :t 6 
101 :t 22 
3.3 :t 0.5* 
190 :t 39 
Group -' 
(n = 131 
74 :t 15 
105 :t Ig:j: 
7 7 :t I 6t 
76 :t 12t 
13 :t 8 
63 :t 16:1: 
61 :t 24:j: 
2.4 :t O.8t 
116 :t 47+ 
*p < 0.05: tp < 0.01; tp < 0.001 LV = left ventrIcular. 
farction, peak left ventricular systolic pressure, rate-pressure 
product, mean left ventricular pressure and net left ventric•
ular pressure were all significantly decreased compar~d with 
values for control (Group 1) subjects. Mean left ventricular 
stroke work, work index and stroke power index were also 
significantly decreased for Group 3 patients. For Group 2 
patients, only rate-pressure product and left ventricular work 
index were significantly reduced. 
Left ventricuhlr MV02 • Dat<i related to calculation of 
left ventricular myocardial oxygen consumption are pre•
sented in Table 3 and Figures 3 and 4. Mean left ventricular 
lAce Vol 7. No 2 
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myocardial blood flow per unit mass ot tissue was signifi•
cantly reduced in the Group 2 patients (49.0 ± 8 mlllOO 
g per min) and Group 3 patients (51.6 ± 10) in comparison 
with Group I (62.4 ± 16). However. in both groups left 
ventricular wall thickness was slightly increa~ed, and in 
Group 3 mean left ventricular mass index was significantly 
increased. As a result, total left ventricular myocardial blood 
flow was not significantly different for the three groups (Fig. 
3). Left ventricular myocardial oxygen extraction also did 
not differ significantly among the three groups. Mean left 
ventricular myocardial oxygen consumption for Group 2 
(14.0 ± 5 ml 02/min) and Group 3 (14.3 ± 6) was not 
significantly different from the value in Group I (13.3 ± 
4) (Fig. 4). Calculated mean work equivalence was, there•
fore, not significantly different among the three groups (Ta•
ble 3). 
Left ventricular efficiency. Calculated values for left 
ventricular efficiency for the three patient groups are shown 
in Figure 1. In Group I patients, left ventricular efficiency 
averaged 28.8 ± 6%. For Group 2 patiep.ts it averaged 25.9 
± 10% and was not significantly different from the value 
in Group 1 (control) subjects. However, the mean left ven•
tricular efficiency in the Group 3 patients with prior infarc•
tion was 15.9 ± 5%, which was significantly lower than 
values for Groups 1 and 2. For all patients, left ventricular 
efficiency correlated significantly with ejection phase in•
dexes: ejection fraction (r = 0.42; P < 0.01), MVcf (r = 
0.45; P < 0.01), left ventricular stroke power index (r = 
0.42; p < 0.01) and percent chordal shortening (r = 0.43; 
p < 0.0 I ). For Group 3 patients, left ventricular efficiency 
Left Ventricular Work Index Left Ventricular Stroke Power Index 
Figure 2. Left ventricular work index and 
stroke power index for the three patient 
groups. Abbreviations as in Figure 1. 
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Mean LV Myocardial Blood Flow Total LV Myocardial Blood Flow 
mil 100g,mln mil min 
300 
.----p<0.05--, 
100 
,.- p < 0.01-, 
250 • 
80 200 
• 
• 0 • 0 • 60 150 • 0 t • ... t • 40 100 
I 
• 
20 50 
0 0 
Control CAD CAD + 1.41 Control 
Pa tltnt Group 
correlated best with left ventricular ejection fraction (r = 
0.63; P < 0,05) (Fig,S) and MVcf (r = 0,59; p < 0.05) 
and correlated inversely (r = -0,65; P < 0,05) with left 
ventricular end-diastolic pressure. 
Discussion 
The principal findings in the present study are the fol•
lowing: I) mean left ventricular mechanical efficiency in 
patients with normal coronary arteriograms and ventricular 
function averaged 29%; 2) mean left ventricular efficiency 
was not significantly reduced in patients with multivessel 
coronary disease despite reduced left ventricular perfusion 
per unit mass of tissue; 3) mean left ventricular efficiency 
was significantly reduced to 16% in patients who had a 
previous myocardial infarction; and 4) reduced efficiency 
after myocardial infarction correlated with reduced ejection 
phase indexes, 
Mechanical efficiency as an index of cardiac perform•
ance. The concept of mechanical efficiency of the heart as 
an index of overall cardiac performance was first introduced 
by Evans and Matsuoka (26) in 1915, They adapted the 
concept of mechanical efficiency of contractile muscle from 
the work of Hill (27), who calculated mechanical efficiency 
of skeletal muscie preparations as an index of the com•
pleteness with which energy expended in the muscle fibers 
was converted into mechanical work, Evans and Matsuoka 
(26) observed in Starling heart-lung preparatiom that effi•
ciency values decreased as the condition of the heart prep-
0 
• • 
0 t Figure 3. Mean left ventricular (LV) 
myocardial blood flow and total myo-
0 • cardial hlood flow, Abbreviations as in 
~ • Figure I, 
0'5 t • 
db 
§ t 
• 
CAD CAD + 1.41 
P. tlont Group 
arations deteriorated and as progressive cardiac dilation en•
sued, They also made the important discovery that cardiac 
efficiency was greater during high volume loads than during 
high pressure loads, 
Left ventricuiar efficiency in normal sUbjects. In our 
control subjects. who had normal coronary arteriograms and 
normal ventriculograms, mean left ventricular efficiency av•
eraged 29%. This value is higher than left ventricular ef•
ficiency values of 5 to 20% reported previously in experi•
mental studies of left ventrieular function and myocardial 
oxygen consumption in open chest anesthetized dogs (28,29). 
However. the reported lower values appear to result from 
the effect of anesthesia. which has been shown (30,31) to 
significantly reduce cardiac efficiency, In i 950, Spencer et 
aL (32) carefully measured myocardial efficiency in 14 dogs 
studied by cardiac catheterization under rest conditions with•
out anesthesia and reported a mean value for efficiency of 
28,8 ± 5.4% (SD). which is similar to the value found in 
our control subjects. Gibbs (33) measured the active external 
efficiency of isolated rabbit papillary muscles contracting 
isotonically by measuring heat and work generated and re•
ported efficiency values of 25 to 27%, Pool and Sonnenblick 
(34) measured the efficiency of the mechanochemical cou•
pling between contractile element work and high energy 
phosphate use in isolated cat papillary muscles and reported 
that the efficiency of an average contraction in normal car•
diac muscle was approximately 33%, 
Bing et af, (3) reported the first measurements of left 
ventricular efficiency in patients in 1949, These workers 
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Left Ventricular Myocardial 
Oxygen Consumption Left Ventricular Mechanical Efficiency 
Figure 4. Left ventricular myocardial 
oxygen consumption and mechanical ef-
ficiency. Abbreviations as in Figure I. 
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estimated external mechanical left ventricular efficiency by 
calculating external work based on the Starling formula (35) 
and by estimating left ventricular myocardial oxygen con•
sumption from the product of the coronary-arteriovenous 
oxygen content difference per minute, left ventricular myo•
cardial blood in milliliters per gram per minute measured 
by the nitrous oxide technique and left ventricular mass. 
Table 3. Left Ventricular Myocardial Blood Flow, Oxygen 
Consumption and Mechanical Efficiency 
Group I Group 2 Group 3 
(n = 8) (n = 15) (n = 13) 
LV MBF 62.4 ± 16 490 ± 8t 51.6 ± 10* 
(miIlOO gm per min) 
Total LV MBF (mllmin) 114.3 ± 38 110 I ± 44 125 ± 49 
Arterial oxygen content 18.4 ± 3 19.4 ± 2 183 ± 2 
(miIlOO mil 
Coronary sinus oxygen 6.7 ± 2 6.4 ± I 66 ± I 
content (mIIlOO ml) 
avO~ (mIJlOO ml) 11.8 ± 2 12.9 ± 2 11.6 ± 2 
Oxygen extractIOn (%) 66 ± 4 66 ± 6 64 ± 6 
MVO~ (mllmin) 13.3 ± 4 14.0 ± 5 14.3 ± 6 
Work equivalence 27.4 ± 9 290 ± II 299 ± 13 
(kg.m/mIn) 
L V mechanical 288 ± 6 259 ± 10 15.9 ± 5:1: 
efficiency (%) 
*p < 005, tp < 0.01: :j:p < 0.001. av02 = arteriovenous oxygen 
difference: LV MBF = left ventricular myocardial blood flow: MV02 = 
myocardial oxygen consumption 
Because angiographic measurements of left ventricular mass 
were unavailable at that time, the mass of the heart was 
predicted from averaged postmortem data of normal heart 
weights published previously, and left ventricular weight 
was assumed to be 53% of total heart weight. In this and 
two subsequent studies (3-5). Bing and coworkers measured 
left ventricular efficiency in a total of 11 normal subjects. 
The mean efficiency value for these normal subjects was 
31. 3%, which compares remarkably well with the average 
value of 29% observed in our present study. Myocardial 
efficiency values for subjects without heart disease were 
also reported by Thompson et a!. (36). In nine patients with 
atypical chest pain and normal coronary arteries, they ob•
served that mean mechanical left ventricular efficiency was 
39.4%, if adjusted for the basal oxygen consumption of the 
nonbeating heart, based on measurements in arrested per•
fused dog hearts (37). Without this adjustment, mean ef•
ficiency was 31. 6%, which is comparable with the value 
obtained in the present study. Although several physiology 
texts (38-41) state that the total mechanical efficiency of 
the human heart is low (approximately 10%), their estimated 
values have generally been calculated from assumed data 
or based on experimental measurements in anesthetized 
animals. 
Mechanical efficiency in patients with coronary dis•
ease without infarction. In the present study, mechanical 
efficiency values in patients with coronary artery disease 
without prior myocardial infarction (Group 2) did not differ 
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Figure 5. Correlation between left ventricular me•
chanical efficiency and ejection fraction for Group 
3 patients with prior myocardial infarction. 
o~--~--~--~--~--~--~--~--~~--~~ 
a 20 40 60 80 100 
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significantly from efficiency values in control patients (Group 
1). Mean left ventricular myocardial flow per unit mass was 
decreased for Group 2 patients, as has been shown for other 
patients with multivessel coronary artery disease studied in 
this and other laboratories (42-44). Despite reduced myo•
cardial flow per 100 g myocardium, total left ventricular 
myocardial blood flow calculated for these patients was 
within the normal range because left ventricular mass es•
timated angiographically was increased. Increased left ven•
tricular mass and wall thickness were observed previously 
in postmortem studies of patients with coronary artery dis•
ease (45,46) and in an angiographic study of patients with 
multivessel coronary artery disease from our laboratory (43). 
Because total left ventricular myocardial blood flow and 
myocardial oxygen extraction were both within the normal 
range for Group 2 patients, myocardial oxygen consumption 
was also within the normal range. These findings indicate 
that patients with coronary artery disease without prior myo•
cardial infarction who have normal left ventricular perform•
ance have essentially normal myocardial oxygen consump•
tion and normal left ventricular efficiency despite reduced 
mean left ventricular myocardial blood flow per unit mass. 
Patients with coronary artery disease with prior in•
farction. In patients with coronary artery disease and prior 
myocardial infarction, documented by clinical history, ven•
triculographic regional contraction abnormalities and 
electrocardiographic findings (Group 3), ejection phase in-
dexes and left ventricular stroke volume were significantly 
decreased as expected. Because net mean left ventricular 
systolic pressure and left ventricular stroke volume were 
both reduced, left ventricular stroke work and work per 
minute were significantly lower than control values. In this 
patient group, mean left ventricular myocardial blood flow 
per 100 g myocardium was significantly reduced and left 
ventricular mass calculated angiographically was increased, 
although the increase was not statistically significant. As a 
result, total left ventricular MV02 was not significantly dif•
ferent from the control value. Because the work performed 
by the left ventricle after infarction was reduced and left 
ventricular oxygen consumption was normal, calculated me•
chamcal efficiency of the ventricle was significantly reduced 
in this patient group (Fig. 5). 
Ejection phase indexes correlated with mechanical ef•
ficiency. For all patient groups in the present study, ejection 
phase indexes of left ventricular function, including ejection 
fraction, mean velocity of circumferential fiber shortening 
(MVcf), stroke power index and percent chordal shortening, 
correlated positively and significantly with left ventricular 
mechanical efficiency, although individual correlations were 
not strong. These associations reflect the fact that left ven•
tricular efficiency is calculated from left ventricular work 
performance, which is largely determined by the contractile 
state of the ventncle. The relation between ejection phase 
indexes and left ventricular efficiency found in this study 
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of patients with coronary artery disease is similar to that 
reported by Baxley et al. (6) in a large series of patients 
with cardiomyopathy and valvular heart disease. 
Regional versus global efficiency. Coronary heart dis•
ease is characterized by heterogeneity of regional myo•
cardial blood flow and regional abnormalities of left ven•
tricular contraction. Although measurements of regional 
efficiency would be of interest, techniques for such mea•
surements are not currently available. In patients with in•
farction of a significant portion of the left ventricle, global 
left ventricular function is affected and, therefore, overall 
cardiac efficiency is altered. Reduced efficiency after in•
farction would be expected to jeopardize left ventricular 
function in patients with multivessel disease, because in•
creased myocardial blood flow during exertion is limited by 
multiple lesions in these patients. 
Limitations. Several methodologic problems that limit 
the accuracy of cardiac efficiency measurements in our study 
should be addressed. First, estimates of left ventricular mass 
based on angiographic measurements have not been vali•
dated for patients with coronary artery disease by postmor•
tem measurements of actual left ventricular weight. How•
ever, Rackley and colleagues (47,48) applied this angiographic 
method to patients with coronary artery disease in two stud•
ies and reported values for left ventricular mass very similar 
to those obtained in our study. A second source of potential 
inaccuracy is that angiographic estimates of left ventricular 
mass include fibrous scar tissue resulting from prior myo•
cardial infarction that may cause overestimation of the mass 
of functioning myocardium. However, this effect is offset 
by reduced regional myocardial blood flow in the infarcted 
segment (49), which lowers the mean value for left ven•
tricular blood flow and hence adjusts for the effect of in•
creased mass on calculation on MV02 • A third potential 
source of inaccuracy in the efficiency calculation is that 
myocardial metabolism is not solely aerobic. Gertz et al. 
(50) demonstrated by a radioisotopic technique that lactate 
release from the myocardium occurs in normal subjects and 
in patients with coronary artery disease in the absence of 
ischemia, despite global net extraction of lactate. 
Conclusions. The present study describes the effect of 
coronary artery disease on cardiac energetics in patients 
studied at rest. In patients with a normal coronary arterio•
gram and ventriculogram, values for left ventricular myo•
cardial efficiency were similar to efficiency values measured 
in papillary muscle experiments, catheterization studies in 
unanesthetized dogs and several previous patient studies. In 
patients with coronary artery disease without prior myo•
cardial infarction, values for myocardial oxygen consump•
tion and left ventricular efficiency did not differ significantly 
from values obtained in control subjects without coronary 
disease. In patients with prior myocardial infarction, left 
ventricular efficiency was reduced in association with re•
duced ejection phase indexes. 
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